The Advanced Diagnosis and Warning System for Aircraft Icing Environments (ADWICE) has been in development since 1998 in a collaboration between the German Aerospace Centre (DLR), Deutscher Wetterdienst (German Weather Service, DWD) and the Institute of Meteorology and Climatology of the Leibniz Universität Hannover (IMuK). ADWICE identifies atmospheric regions containing supercooled liquid water where aircraft icing can occur. Running operationally at DWD since 2002, ADWICE is used at the German Advisory Centres for Aviation (Luftfahrtberatungszentrale) to support pilots in route planning by warning of hazardous in-flight icing conditions. The model domain covers Europe and the Mediterranean coast of North Africa with a horizontal grid spacing of about 7 km and 30 vertical hybrid levels. The warning system consists of two algorithms. Based on output data of the operational numerical weather prediction model COSMO-EU (Consortium of Small-Scale Modelling -Europe), the Prognostic Icing Algorithm (PIA) allows the forecast of areas with an icing hazard. The Diagnostic Icing Algorithm (DIA) realises a fusion of forecast, observational and remote sensing data such as satellite data to describe the current icing hazard. Both algorithms create a three-dimensional icing product containing information about the likely icing scenario and its associated icing intensity. This paper describes the current structure of ADWICE, its output, as well as its diagnosis and forecast skill. For verification, the output of the two algorithms was compared with pilot observations over Europe. The results show satisfactory values for the probability of detection and the volume efficiency.
Introduction
Aircraft in-flight icing belongs to one of the most dangerous aviation weather hazards. Based on the National Transportation Safety Board (NTSB) and Aviation Safety Reporting System (ASRS) databases, Green (2006) , among others, reported 944 icing related accidents and incidents between 1978 and 2005 in the United States. Appiah-Kubi (2011) added 228 accidents and 30 incidents for the following years 2006 to 2010. The physical reason behind this hazard is the existence of cloud supercooled liquid water (SLW) in the temperature range between 0°C and −40°C. Liquid water of that temperature is in a physically metastable state and may freeze spontaneously upon contact with any solid body such as an aircraft. When flying through such conditions, ice accretes on the leading edges of aerodynamic surfaces, increasing the aircraft's drag and modifying the flow and pressure distribution around the fuselage and, most importantly, the wing and tail. Depending on the amount of accreted ice, the aircraft performance degrades as long as the accreted ice is not removed. Details These requirements exceed the state of the art in modelling of processes, computing resources, and large-area measurements of the cloud microphysical state. These hard constraints are somewhat compensated by the icing expert systems using sufficiently reliable empirical relationships between observable meteorological quantities and icing severity. Empirical methods can be enriched with outputs from NWP models in a hybrid approach.
State of the art
To completely understand and eventually also model the in-flight icing process for the purpose of warning, two major problems have to be faced. The first is related to the existence of SLW, and the corresponding absence of natural freezing, and the second relates to the impact and ice accretion processes.
Supercooled liquid cloud particles either freeze spontaneously at temperatures below −40°C, in what is referred to as homogeneous freezing, or when an ice nucleus initiates the freezing process, which is referred to as inhomogeneous freezing. A huge variety of airborne particles (aerosols) can function as ice nuclei, but they represent only a small number fraction (∼ 0.1 %) of all aerosols. Mineral dust was found by Pruppacher and Klett (1997) , DeMott et al. (2003) , Hung et al. (2003) , soot by Andreae and Rosenfeld (2008) and Kärcher et al. (2007) , as well as crystalline salts by Abbatt et al. (2006) , Wise et al. (2010) , Shilling et al. (2006) , Martin (1998) , and Zuberi et al. (2002) . Recently, the importance of biological aerosol particles was noted by Christner et al. (2008) and Möhler et al. (2007) . Ice particles themselves may also act as ice nuclei. The ability of any one particle to act as an ice nucleus -the activation of an ice nucleus -depends mostly on the temperature. With decreasing temperature, more ice nuclei become activated. This temperature effect, together with the available water vapour in the atmosphere that diminishes with lower temperature, leads to an observed maximum of SLW within the range of −5°C to −20°C, while peaking at about −10°C (Korolev et al. 2003) . Due to the metastable state of SLW and the fact that existing ice particles may act as ice nuclei as well, the natural freezing of liquid cloud particles in growing clouds -the glaciation of a cloud -may happen within minutes. Simulating such a rapid phase change in a numerical model requires comprehensive knowledge of the ice nuclei distribution, their chemical nature and the respective activation temperature. Numerical studies by Phillips et al. (2002) , Rosenfeld and Woodley (2000) , Lohmann and Diehl (2006) , Flossmann and Wobrock (2010) , Morrison and Pinto (2005) as well as Thompson (2012) show the importance of detailed ice nuclei information and its strong impact on cloud development. DeMott et al. (2011) clearly emphasise that the current understanding of ice nuclei is far from sufficient.
The impact of SLW drops on an aircraft and the subsequent freezing, the second major simulation challenge, occurs mainly near stagnation points of the airflow. Due to their inertia, droplets are less able to follow the curved airflow around the fuselage, engines, propellers and other parts exposed to the flow, and consequently impinge on the aircraft. Due to the release of latent heat during the freezing process, large droplets remain in a semi-liquid state for up to a second. During that time, they are able to flow downstream until all heat is transferred to the air and aircraft structure, and the ambient temperature is reached. Obviously, for low temperatures or very small drops, freezing occurs more or less on impact to form rime icing. For higher temperatures or relatively larger drops, e.g., between −5°C and −10°C and drizzle droplets, so called clear run-back ice with flow streaks of up to one metre can be observed. A complete understanding of the impact and freezing problem thus requires knowledge of the collection efficiency of each part of the aircraft for an initially unknown ambient SLW droplet size distribution. Both the freezing process and the related local heat transfer must then be solved. Eventually, the run-back flow must be simulated. In addition, it should be noted that the ice accretion shapes modify the airflow and thus the collection process itself. This results in typical ice accretion shapes with fingers or mushroomlike structures. Furthermore, in mixed phase conditions, impinging solid ice particles may stick to the accreted ice instead of bouncing from the airfoil. The aforementioned problems are simulated by extensive numerical ice accretion codes such as NASA's LEWICE (Ruff and Berkowitz 1990) , ONERA (Hedde and Guffond 1995) and Bombardier Aerospace's CANICE (Tran et al. 1995) . The amount of accreted ice depends obviously on the spatial distribution of SLW along the aircraft trajectory. The longer a flight in a homogeneous SLW field, the more ice accretes. This applies to a straight and level flight, but also to a holding pattern within the same cloud. The empirical relationship between temperature, average SLW content and a droplet size distribution for a given flight distance is described by a set of two-dimensional closed graphs, referred to as envelopes (Appendix C to Federal Aviation Administration (FAA) document 14 Code of Federal Regulations (CFR) Part 25 and 14 CFR Part 29) and is used for FAA aircraft certification (Jeck 2002) . The droplet size distribution is usually described by a single parameter such as the mean-volume diameter. Data used in Appendix C dating back to 1940-1960 do not reflect the significance of supercooled large droplets (SLD), commonly also known as drizzle drops, with diameters ranging between 40 and 500 µm. These drops especially contribute to the above mentioned run-back ice on the wing, and were determined to have contributed to some major accidents, among them the one in Roselawn (Indiana) in 1994 (Marwitz et al. 1997) . In the aftermath of that latter accident, a revision of Appendix C was initiated which resulted in new certification procedures and guidelines. A complete revision of Appendix C, following the suggestions by Cober and Isaac (2012) , however, is still underway.
In summary, modelling of the complete in-flight icing process, especially for warning and route planning, including the ice accretion process, is beyond current capabilities and is therefore not currently feasible. Knowledge of aircraft icing situations and associated weather conditions are mainly based on pilot reports (PIREP) of aircraft icing encounters, about which numerous studies exist. Tafferner et al. (2003) explained the reasoning for the icing warning system and listed icing observations, similar to Bernstein et al. (1997) . Politovich et al. (2002) investigated aircraft icing in winter storms over Colorado. Bernstein et al. (2007) and Bernstein and LeBot (2009) inferred the existence of SLW, SLD and icing conditions from surface observations, temperature and moisture profiles. Rosenfeld et al. (2013) studied freezing drizzle in coastal areas of the Western US. Politovich and Bernstein (1995) , as well as Rasmussen et al. (1995) , deepened the understanding for the occurrence of aircraft icing in case studies. Marwitz et al. (1997) examined icing-related aircraft accidents. Research flights in icing conditions including SLD focused on icing in convective as well as stratiform clouds (Rasmussen et al. 1992; Hauf and Schröder 2006; Miller et al. 1998; Ryerson et al. 2000; Isaac et al. 2001) . These and other studies laid the foundation for heuristic and empirically based icing analysis and forecasting algorithms like IIDA (Integrated Icing Diagnosis Algorithm) and IIFA (Integrated Icing Forecast Algorithm) at NCAR in 1998 (Schultz and Politovich 1992; McDonough and Bernstein 1999; Politovich 2000) . Their warning products CIP (Current Icing Product) and FIP (Forecast Icing Product) have been continuously improved since then. These products provide two types of information: the spatial and temporal distribution of clouds with an icing hazard, as well as the expected strengths of icing and SLD. The algorithms may also be referred to as expert systems which combine satellite, radar, surface, lightning and PIREP observations with model output to create a detailed three-dimensional hourly diagnosis of the icing hazard. The latter is expressed as the potential for the existence of icing and SLD and can be understood as a probability forecast. For the forecast product, numerical model data replace observed data and thus enable the forecast of an icing hazard using a similar algorithm. Tafferner et al. (2003) adapted the NCAR/Research Applications Program (NCAR/RAP) icing algorithm by Thompson et al. (1997) to Central European conditions and created the ADWICE warning system. The difference between the American and the German system originates from the different set of data sources and their qualities. One major difference in data quality is the denser network of surface observation stations in Europe (Leifeld 2003) . LeBot (2003) has developed a similar type of icing warning algorithm SIGMA (System of Icing Geographic Identification in Meteorology for Aviation) using available observational data at Météo France. SIGMA combines model, satellite and radar data every 15 minutes to diagnose the icing hazard for France and its bordering regions.
All these expert systems are affected by an overforecasting and over-diagnosis of icing conditions as Tafferner et al. (2003) , Bernstein et al. (2005) , Tendel and Wolff (2011) and Tendel (2013) have proven during different verification studies. This is one reason for the continuous effort to adapt aircraft icing warning systems to new observational data sources. In 2014, the use of MSG satellite data was implemented into the diagnostic part of the German warning system ADWICE. This paper describes the current model structure and the implementation of satellite data into the algorithm. Furthermore, a case study will show an improvement of the diagnosing skill of ADWICE, which can be traced back to the implementation of satellite data.
3 Current model structure Tafferner et al. (2003) described the structure of the ADWICE algorithm which was developed initially for diagnostic purposes by using observational data, among other data sources. Since then, two major changes were made in the system structure. For the operational use of ADWICE within the DWD, it was on the one hand indispensable to extend the algorithm by a prognostic part (Leifeld 2003) . Especially at the German Advisory Centres for Aviation, forecasts of icing conditions were necessary for supporting pilots in planning icing-free flight paths some hours before take-off. On the other hand, the remaining diagnostic part of the algorithm was adapted to the new observational data source provided by satellites (Tendel 2013 ). The current model structure is presented in the following sections.
Input data from COSMO-EU
Both the diagnostic and the prognostic part of ADWICE depend on input data from a NWP model which is currently provided by the German mesoscale model COSMO-EU (formerly Lokalmodell). COSMO-EU is a non-hydrostatic compressible NWP model with a rotated grid and a horizontal resolution of about 7 km (Doms 2011) . For simplifying the post-processing of NWP data in ADWICE, the grid structure of COSMO-EU was transferred into ADWICE. However, only the lower 30 vertical hybrid levels of COSMO-EU are used for deriving icing warnings in ADWICE, due to the fact that in the upper ten levels, the temperature is too low for the existence of SLW.
For parameterising cloud microphysical processes, a one-moment bulk model is implemented in the model physics. With the aid of a two-category ice scheme, the evolution of the microphysical classes of cloud water, cloud ice, rain, snow and water vapour are modelled. Whereas the total mass fraction of each class is predicted directly by COSMO-EU, the size distributions of the particles are assumed to be monodisperse for the non-precipitating classes, and exponentially distributed with respect to the hydrometeor diameter for the precipitating classes (Doms et al. 2011) . Furthermore, neither the transport nor the chemical composition of ice nuclei are implemented in the parameterisation of cloud microphysical processes; just a temperature dependent ice nuclei concentration is included. Therefore, a satisfactory description of the inhomogeneous freezing process as well as the amount and spatial distribution of liquid water content cannot be supplied currently by COSMO-EU (Roloff 2012; Köhler and Görsdorf 2014) .
Algorithm to forecast icing conditions
The Prognostic Icing Algorithm PIA receives COSMO-EU input data as illustrated in Figure 1 . The forecast profiles of temperature and specific humidity are scanned by PIA to distinguish between four different icing scenarios resulting in the Prognostic Icing Product (PIP), as will be explained in the following subsections. The thresholds for temperature and humidity required by these scenarios were originally derived for the IIDA algorithm and were based on observational data in the vicinity of icing PIREPs (Thompson et al. 1997; Schultz and Politovich 1992) . They later were adapted to European conditions by Leifeld (2003) . The classification into four icing scenarios reflects the expected droplet sizes within the predicted icing areas, including SLD. After identifying the relevant specific scenario, the associated icing intensity is derived from meteorological parameters. A detailed description of this calculation is given in Section 3.4.
Scenario "Freezing"
The icing scenario "Freezing" was implemented in PIA to describe a major hazard of icing conditions associated with supercooled drizzle and rain drops generated by a subfreezing air mass below a melting layer only. Those specific SLD conditions may be observed both at ground level and aloft. A typical vertical profile of the temperature and dew-point temperature is shown in Figure 2. During these conditions, it is assumed that solid precipitation falls into a temperature melting layer that is above 0°C, referred to as a so-called warm nose in the temperature profile. If the vertical extent of the melting layer is sufficient, the solid particles will fully melt and form drizzle or rain drops. Below the melting layer, a subfreezing air mass leads to supercooling of the falling drops. In the absence of collisions with ice nuclei or newly generated cloud ice particles, the drops remain liquid at temperatures below freezing point.
For identifying the scenario "Freezing", PIA analyses the temperature and humidity profile from the surface up to the 30th model layer. At first, a low-level subfreezing layer (T < 0°C) must be detected. Next, the lower and upper boundaries of the warm nose are determined with above zero temperatures in between. Finally, a precipitating cloud with a vertical extent of at least 3000 m has to be present above the warm nose, identified solely from temperature and humidity data. The relative humidity (derived from the specific humidity) is used as a cloud indicator, assuming that the relative humidity must be higher than 80 % in the precipitating cloud. A dry air mass with a vertical extent of greater than 3000 m between the cloud base and warm nose is assumed to result in total evaporation of ice crystals and no resulting melted precipitation.
If the latter conditions are all met by PIA, the scenario "Freezing" is assigned to all layers below the warm nose with a temperature between −20°C and 0°C.
Scenario "Stratiform"
The scenario "Stratiform" describes freezing drizzle conditions within inversion capped sub-zero stratiform clouds where the collision-coalescence process dominates droplet growth. The hazard for aviation results from the possible occurrence of SLD and the occasionally huge horizontal extent of these stratiform cloud layers. For identifying this scenario, PIA initially tries to detect a moist, subfreezing cloud layer with temperatures between −12°C and 0°C (Cober and Isaac 2012) and a relative humidity of not less than 80 %. A characteristic gradient in relative humidity of at least −2.5 % per 100 m is interpreted as the top of the stratiform cloud layer. Finally, it has to be checked whether there is a precipitating cloud above this stratiform layer which could deplete the supercooled droplets by inserting ice particles. To exclude this glaciation process, the distance between the stratiform cloud top and a potential precipitating cloud base aloft has to be greater than 3000 m. If these conditions are identified by PIA, all layers below the characteristic humidity gradient with a temperature between −12°C and 0°C are assigned with the scenario "Stratiform" (see also Figure 3 ).
Scenario "Convective"
The icing scenario "Convective" describes icing conditions in convective cloud systems that are related to their strong updraughts and condensation processes resulting from adiabatic cooling of lifted air masses. Huge amounts of SLW can rapidly be transported to great heights until homogeneous freezing starts at temperatures below −40°C. The existence of SLD in convective clouds is therefore likely, especially in deep convective clouds. Because of its resolution of about 7 km, COSMO-EU cannot resolve convective cells to scale. Hence, a mass flux scheme is needed. The implemented Tiedtke (1989) scheme parameterises sub-grid scale convection within the model and provides the convective cloud top z top and cloud base z base for each COSMO-EU grid point. Taking these values, PIA calculates the vertical extent of the convective clouds
If that convection depth is greater or equal to 3000 m and the temperature within the cloud is between −40°C and 0°C, all convective layers are assigned with the scenario "Convective". In Figure 4 , an example is shown where the scenario "Convective" reached a vertical extent of about 4500 m. The minimum value of 3000 m for the convective vertical depth was chosen to exclude shallow convection which does not generally pose a significant hazard to aviation.
Scenario "General"
The scenario "General" was implemented to describe cloud-droplet icing under less-specific atmospheric conditions than the other scenarios. It is only assigned to non-SLD clouds that have not previously been identified by one of the other scenarios, and whose temperature lies between −20°C and 0°C at an appropriate relative humidity. This threshold relative humidity is calculated by a linear function of temperature with a minimum value of 63 % at −20°C and a maximum value of 82 % close to 0°C. In nature, liquid clouds have a relative humidity close to 100 %. The lower humidity thresholds used in ADWICE were derived from a multitude of radiosonde observations in the vicinity of pilot reports of icing according to Forbes et al. (1993) . They found a mean relative humidity of 82 % with a standard deviation of 19 % (therefore the thresholds 63 % and 82 % in the algorithm). The scenario "General" is also applied to upper layers in multilayer icing conditions above one of the previously defined icing scenarios. Figure 2 shows such a multilayer situation with the scenario "Freezing" identified near the surface and the scenario "General" aloft. The precipitating cloud which is needed for the identification of the scenario "Freezing" is assigned with the icing scenario "General" in this case.
Algorithm to diagnose icing conditions
Icing forecasts based solely on humidity and temperature thresholds from model data (like in PIA) generally produce a high false alarm rate (Tafferner et al. 2003) . This mainly is a result of the model's grid resolution, which is too coarse to resolve clouds correctly. Lower thresholds of relative humidity result in higher rates of false alarms (because of the overestimation of icing). Using a high threshold of relative humidity assumes that we rely on a numerical model to forecast clouds correctly. Therefore, the aim is to use thresholds that will lead to a high probability of detection and a low false alarm rate. Thompson et al. (1997) did not succeed in tuning relative humidity, and therefore suggested to use icing predictions as a first guess and improve it by using additional data from satellites, synoptical stations (SYNOP) or RADAR. In the Diagnostic Icing Algorithm (DIA) of ADWICE, the model-based PIP described in Section 3.2 is therefore initially used as a first guess of icing conditions. To minimise a possibly high false alarm rate, assigned icing scenarios of PIP are confirmed, extended or rejected by surface observations from SYNOP stations, METeorological Aerodrome Reports (METAR) and by remote sensing data from radar information. Nevertheless, there exists a lack of operationally available, widely distributed and systematic surface observations of vertical information about cloud ceiling, the temperature and the humidity profile. However, this information is necessary to find a possible melting layer as well as the vertical extent of a possible icing risk. Using additional remote sensing data sources that have become operational in recent years, the false alarm rate can be further reduced in many situations. Such satellite derived products are used in a further step for identifying (non) hazardous clouds and for determining their vertical extent. In the current Diagnostic Icing Algorithm (DIA), operated by DWD, surface observations are still treated as the most direct and reliable data sources, followed by remote sensing retrievals (radar, satellite data), followed by model data.
Tafferner et al. (2003) explicitly described the implementation of observation and radar data into DIA. Therefore, the following chapter will mainly focus on a detailed explanation of the integration of satellite data and only briefly describe the fusion of synoptic and radar data.
Synoptic data
According to Bernstein and LeBot (2009) , there is a strong correlation between defined surface weather phenomena and the detection of supercooled droplets in clouds and precipitation. Cloud ceiling and cloud type as well as significant weather are reported by ground observations and provide a first guess, not only about the location of clouds, but also about their vertical dimension and the cloud phase. In accordance with the previously described four icing scenarios ("Stratiform", "Convective", "Freezing" and "General"), DIA tries to identify possible icing scenarios by using observed weather information from SYNOP and METAR reports. Shower and thunderstorms, for example, indicate a strong vertical development of clouds and, therefore, a likely existence of supercooled liquid droplets (scenario "Convective" confirmed). Drizzle is typically an indicator for a thin cloud layer and, therefore, possibly confirms the stratiform icing risk. Snowfall is a sign that icing conditions are likely non-existent as supercooled water does not persist in the presence of ice crystals because of riming and/or the Bergeron-Findeisen process (Pruppacher and Klett 1997) (icing scenarios rejected). If freezing rain is observed at the surface, it is a direct proof of the existence of supercooled large droplets aloft between the ground and the melting layer and, therefore, the icing scenario "Freezing" is set or confirmed. Because weather reports by automatic stations still suffer from quality deficiencies, especially for freezing precipitation, only information from manned stations are currently used in DIA.
Weather observations are normally valid for the geographical location they are made, e.g., the precipitation amount. On the other hand, cloud observations refer to a larger area. In practice, the observed weather phenomenon is interpreted as a representative information source for a certain surrounding area. To define the validity area around an observation, the "VoronoiMethod" is applied (DeBerg et al. 2000) which subdivides the model domain into a honeycomb of polygonal cells, each with a weather station at its centre. The cell borders are drawn at the halfway point to neighbouring weather stations or at 70 km, whichever is closer. Every grid point of the model domain located in one such cell is associated with the observation value of the respective weather station. Further information about transferring spatial fixed weather observations to the ADWICE grid are found in Leifeld (2003) .
European radar composite
A radar reflectivity product from a Europe-wide weather radar network is used to detect possible icing risk areas. A reflectivity higher than 19 dBZ suggests a weather situation with rain or snowfall while values lower than 19 dBZ are typical for uniform stratiform clouds with echoes caused by drizzle, small rain droplets, or small snowflakes (scenario "Stratiform" confirmed). Radar data thus are helpful in identifying some current weather situations, including clouds with icing risk. 
Satellite data
ADWICE-DIA is configured conservatively to prioritise minimum misses over false alarms. Incorrect nonwarnings of icing conditions are seen as more harmful than false alarms. Therefore, some over-diagnosis of icing is expected. For the purposes of planning safe and efficient flights, operators of small general aviation aircraft require reliable guidance where non-icing conditions are expected. Therefore, the main achievement of implementing satellite based products into DIA was to increase the area where a confident no-icing diagnosis can be made. This was accomplished by substantially reducing the overall atmospheric volume of diagnosed icing while maintaining high diagnosis accuracy against positive icing reports.
Four different satellite based products, derived from METEOSAT 2nd generation (www.nwcsaf.org), have been implemented.
• Cloud Mask. Cloud Mask is a direct satellite product and distinguishes between cloudy and cloud-free atmospheric columns. Because icing conditions in cloud free areas on the order of a model grid box of 7 km × 7 km are expected to be unlikely, cloud free areas are set to "icing-free" ( Figure 5 ). This product therefore represents a reduction in areas with an identified icing risk.
• Cloud Top Temperature (CTT).
CTT is a direct satellite product derived from the radiative brightness at the top of clouds. In relation to aircraft icing risk, it offers several indications whether icing can occur or not. If a specific cloud is well mixed and capped by an inversion layer and temperature increases from cloud top to cloud bottom (as generally in clouds), the minimum temperature of the cloud will be found in the cloud top. Therefore, if CTT is above the freezing point, no sub-zero temperatures are assumed within that cloud and any previously diagnosed icing within that column is removed. Since the identification of multilayer clouds based only on cloud-top products is currently inaccurate, the reduction of icing in multilayer cases can only be applied to the uppermost layer and allow no assumptions about lower cloud layers. Reduction of icing by CTT is there- fore restricted to the clear case of satellite-measured above-freezing cloud-top temperature disagreeing with model-derived sub-freezing cloud tops.
• Cloud-Top Height (CTH). CTH is indirectly derived
from CTT by using a simulated vertical temperature profile to determine the geometric height of clouds. In DIA, satellite CTH is compared with the modelderived top of icing, if present, and restricts the top of diagnosed icing at or below the satellite-derived CTH ( Figure 6 ). This leads again to a reduction in icing areas.
• Cloud Phase. Cloud Phase is a direct satellite product which differentiates between liquid water and ice at the cloud tops. In DIA, it is used in combination with Cloud Mask and CTT to add or confirm existing columns of icing at a height given by CTH. Since the ground observations provide information mainly about icing-relevant processes in the lowest cloud layer, the perspective on cloud-top conditions provided by satellite data may even be complementary to ground observations. This can be particularly useful in confirming or correcting the upper boundary of icing layers. Furthermore, complete reliance on model-based vertical profiles not supported by ground observations is seen as less reliable, and icing diagnosis in such cases can benefit from the direct input of satellite observation data. If there is a cloud whose phase is determined as liquid by the Cloud Phase product and if CTT is between 0°C and −20°C, a general icing risk is assigned to subfreezing cloud layers up to 1000 m below the cloud top ( Figure 7 ). The combination of CTT, CTH, Cloud Mask and Cloud Phase determines an addition and/or confirmation of icing.
Surface observations are always treated as the most direct and reliable data sources, followed by remote sensing retrieval (radar, satellite), followed by model data.
Calculation of icing intensity
After the detection of icing scenarios in PIA and DIA, an icing intensity value is calculated for each gridpoint with an assigned icing scenario. The icing intensity should correlate with the ice accretion rate on air- craft structures and is therefore proportional to the supercooled liquid water content SLWC. As mentioned in Section 3.1, the amount and spatial distribution of liquid water output lwc model currently predicted by COSMO-EU is insufficiently realistic. Because of this, additional atmospheric parameters that correlate with SLWC are derived from the COSMO-EU model output to serve as a proxy for SLWC. One of these is the supersaturation with respect to ice that was introduced into ADWICE by Leifeld (2003) . For relative humidity values greater than 100 %, solid ice and supercooled liquid hydrometeors may co-exist until the SLW is depleted by the Bergeron-Findeisen conversion process. Supersaturation with respect to ice is interpreted as indicating the presence of liquid droplets that feed the supersaturation by evaporating. Both the degree s i and the vertical extent of the supersaturation with respect to ice z si are used, as long as two or more contiguous model layers with this characteristic are found.
In addition to the model derived liquid water output lwc model , an alternate LWC is calculated by a parcel method which provides an adiabatic estimate of the LWC available through vertical transport within the clouds. A detailed description of the parcel method and its corresponding liquid water output lwc parcel is given by Tafferner et al. (2003) and is therefore omitted here.
Furthermore, the vertical extent of convective systems Δz conv is calculated. The greater Δz conv is, the more probable is the existence of SLW within these clouds. The calculation of Δz conv was mentioned in Eq. (3.1).
The above mentioned atmospheric parameters are quantitatively correlated with the icing intensity level. A fuzzy logic approach using membership functions (see Figure 8 ) is applied to transfer the values of atmospheric parameters x into factors F x with a domain between 0 and 1. A weighting function is then used to combine the factors for calculating the final icing intensity I
where w x is a weighting factor given by Table 1 . Table 2 : Empirical thresholds for deriving the three icing intensity levels from the icing intensity scalar I.
Threshold
Icing intensity level
Moderate icing 0.7 ≤ I ≤ 1.0
Severe icing
The previously identified icing scenarios specify which factors are used for the calculation of the icing intensity. Icing areas with the scenario "Freezing" are automatically assigned the maximum icing intensity level "severe" because SLD conditions are almost certain to exist here. Regarding the icing scenarios "Stratiform" and "General", all factors are used with equal weighting w x for the calculation of the icing intensity (see Table 1). If the "Convective" scenario was identified, the icing intensity is calculated by an alternate weighting function using the parcel method LWC output with a higher weighting and the vertical extent of the convective cloud system with a lower weighting. The resulting scalar I has a domain between 0 and 1 as well. To derive the icing intensity categories, empirical thresholds are applied to this domain, as shown in Table 2 .
It has to be considered that this icing intensity calculation is based on atmospheric parameters. It is not possible to derive an aircraft type specific hazard from this value. Furthermore, it should be mentioned that icing intensity depends on the distance the aircraft travels in the icing conditions. Appendix C assumes a standard length of approximately 30 km (17.4 nmi) for stratiform icing. What is predicted here is an icing intensity on a 7 km scale. Therefore, values of LWC for the calculation of icing intensity related to Appendix C should be increased.
Output data
The output of ADWICE PIA and DIA is a threedimensional icing product referred to as the Prognostic Icing Product (PIP) and Diagnostic Icing Product (DIP), respectively. Both PIP and DIP provide information about the spatial distribution of the previously introduced icing scenarios and the icing intensity to be expected within these icing conditions. Figure 9 shows a colour-coded graphical output of the PIP in a top-down composite view showing column maxima for 04:00 UTC 06 November 2013. This example Illustration of the ADWICE output PIP. Left: a composite view presenting the distribution of the four icing scenarios "General" (blue), "Convective" (green), "Stratiform" (yellow) and "Freezing" (red). Right: the associated icing intensity within the three intensity levels "Light" (green), "Moderate" (yellow) and "Severe" (red).
case demonstrates that ADWICE is capable of resolving also small-scale icing conditions, e.g., within a cluster of thunderstorms to the northeast of Sicily which were verified by a pilot reporting moderate icing conditions in this area.
PIA runs operationally at DWD and is updated four times a day at about 03, 09, 15 and 21 UTC following the main runs of COSMO-EU at 00, 06, 12 and 18 UTC. PIA provides an hourly forecast 21 hours ahead (00/06/12/18 UTC + 4 h, + 5 h, . . . , 24 h), followed by a three-hourly forecast between the forecast times +24 h and +48 h, followed by a six-hourly forecast between the forecast times +48 h and +78 h. In contrast, DIA runs every hour based on the current PIP and all necessary observational data. PIP and DIP are both available across 30 model layers and interpolated to 12 flight levels.
Verification against pilot reports over Europe
A validation study was performed to quantify the impact of the above described implementation of satellite derived data in ADWICE-DIA. For this purpose, the prognostic and the diagnostic icing products (with and without implemented satellite data) are separately compared with pilot reports.
Validation data and quality
PIREPS currently represents the only widely available dataset for direct in-situ icing observations aloft that can identify the existence of supercooled liquid water in the atmosphere. However, over Europe there are some problematic properties that must be considered:
• Pilot observed icing intensity is subjective and is defined by the impact on aircraft handling, which depends, e.g., on the size and speed of the aircraft, the angle of attack, the aircraft de-icing system on board, if any, and on other factors. Severe icing for a small sports airplane without any de-icing system may be regarded as trace ice for bigger airplanes with heated wings. The severity of reported icing is insufficiently defined to compare directly with model-derived icing intensity. For this reason, all observed icing degrees light, moderate and severe are summarised in the following evaluation as a positive observation ("YES").
• PIREPS are human-based. If a pilot notices ice accumulation, countermeasures (activation of de-icing, descending or climbing, etc.) have to be initiated first. In general, the report is transmitted as soon as the aircraft is in a less stressful situation for the pilot, thus allowing him to report the event to the ground. Altogether, this results in time delays and an inaccurate horizontal and vertical location of the observed event.
• The transmission of a PIREP is requested of pilots but is not obligatory, so that not all events are reported.
• "No icing" is rarely reported. However, negative observations are essential for validation studies. To increase the dataset of "no icing events", a PIREP reporting "clear above" is handled as an implicit "no icing" report for the cloud-free area above.
• In summary, PIREPs exhibit strong category bias towards positive events and distribution bias around icing areas. On top of this, PIREPs are also naturally biased in their distribution towards areas of high air traffic density.
PIREPs over Europe are often signed by hand and afterwards not transmitted to the meteorological offices. There is no centralised and unified European collection system so that data are easily lost or even not transmitted because of time constraints, depending on the weather situation. Nevertheless, the PIREP data is currently the only source to verify forecasting systems for in-flight icing. The validation study presented here required the comparison of point observations (PIREPs) with point forecast/diagnosis values derived from the gridded ADWICE output. In order to consider inaccuracies in space and time in the observations as well as in the model output, the required point value for the forecast/diagnosis was not simply taken from the grid point closest to the observation, but rather generated from several grid points around the observation. The maximum of predicted and diagnosed icing in a generated cube of 7 × 7 horizontal and three vertical model grid boxes (approximately 49 × 49 km in horizontal; vertical distance depends on the level and surface height: the closer to the surface, the lower the distance in between the levels, and vice versa) was compared with the PIREP information. For time consideration, always the next forecast hour to the observational time according to Section 3.5 
Probability of detection
In this verification study, observational data is compared with the generated values, from the model cube as described in Section 4.1, by using a contingency table calculating the probability of detection (see also Table 3 ). Cases where both forecast and observation have a "yes" (yes/yes) value are called a "Hit" (H), meaning that the occurrence of an event was correctly predicted/diagnosed. Cases where the forecast or diagnosis contain a "yes" value, but the observation a "no" (yes/no) are called a "False Alarm" (FA). If the forecast contains a "no", but the observation is "yes", then this is called a "Miss" (M). If both observation and forecast are "no", it is called a "Correct Rejection" (CR).
The probability of detection (POD) must then be divided into two parts, POD yes and POD no , because the strong biases and unsystematic nature of the observations allow no cross-column statistical measures. POD yes is the fraction of correctly predicted/diagnosed events out of all positive observations (Hit Rate) and is calculated by
POD no is calculated by
and describes the fraction of correct rejections out of all negative observations. Values of POD yes and POD no are in between zero (0 %) and one (100 %), where zero denotes a completely incorrect forecast/diagnosis and inversely, a value of one denotes a perfect forecast/diagnosis.
Area under curve
Plotting 1 − POD no on the x-axis and POD yes on the y-axis leads to the Receiver Operating Characteristic (ROC) curve. It is a 2D graph and describes the Hit Rate against the False Alarm Rate, graphically illustrating additional characteristics of forecast/diagnosis skill. The curve is plotted beginning in x = 0 and y = 0, through all POD pairs and ends in x = 1 and y = 1. The area in between the x-axis and the ROC-curve is called the "Area Under Curve" (AUC), representing a measure of the forecast's ability to discriminate between "yes" and "no" observations. An AUC value of 0.5 represents a random equivalent forecast, values above 0.5 represent a better forecast, values below 0.5 a worse forecast.
Volume efficiency
PIREPS are usually reported to warn following aircraft in case of any severe weather event. Accordingly, nonsevere weather reports are nearly unimportant for flight safety so that they are reported rarely. This low number of data points makes it difficult to determine a reliable true False Alarm Rate for the diagnosis and forecasts of ADWICE. The concept of volume efficiency is therefore used as an alternative, since it can help illustrate the relative amount of spatial-volume different-diagnosis outputs assigned with the icing potential to achieve their hit rate. This relationship between POD yes and the icing volume simulated in a prognosis or diagnosis is described by 
Results
From October 2013 to the end of January 2014, 848 PIREPS with positive and negative icing information were collected over Europe. The geographic distribution is shown in Figure 10 . In 824 cases, at least "light icing" was observed, where in only 24 cases, "no icing" or "clear above" were reported. Neglecting the reported icing intensity, every PIREP was compared with its associated "model cube" as described in Section 4.1. The calculated skill scores can be found in Table 4 . With nearly 91 %, PIP shows the best results in Hit Rate, whereas DIP, both with and without satellite data, has a slightly lower Hit Rate of ca. 88 %. POD no stays equal in all three runs at 62.5 % due to the low number of 24 "no icing" observations. The corresponding AUC values are 0.77 for PIA and 0.75 for both DIA versions. Initially, it is notable that the Hit Rate does not increase for DIA, even though observational data is used. But filling all model grid points with a positive icing event would lead to a Hit Rate of 100 % as well as to a False Alarm Rate of 100 %. This is the reason why a few negative observations cannot be a reliable basis for finding a significant statistical conclusion about POD no and about the model performance. Due to the lack of negative observations, the Volume Efficiency described in Section 4.4 was introduced to allow a conclusion about model performance: the higher the Volume efficiency, the better the model performance. Results for Volume Efficiency were raised from 7.14 in PIA to 7.72 in DIA without satellite data, and finally to 9.28 in DIA using satellite data. Fewer grid points are assigned icing conditions while the hit rate remains high.
The influence of the individual satellite products as well as of SYNOP and RADAR data on icing diagnosis for middle Europe are shown in Figure 11a -f for December 8th 2016, 11 UTC. Figure 11a shows the icing intensities of the prognostic algorithm (as described in Section 3.2). An addition of SYNOP and RADAR data on icing prognosis (as described in Sections 3.3.1 and 3.3.2) mainly leads to a slight reduction of areas where icing was formerly prognosed (Figure 11b) . Only a few icing grid points were removed by the inclusion of the cloud mask (Figure 11c ) and furthermore, added by the usage of CTT, Cloud Phase and Cloud Mask as icing ad-ditions (see Figure 11d) . The highest influence of satellite products has the usage of CTH for icing reduction of model-based icing tops (see Figure 11e) . The final result using all ground observations, RADAR and satellite data is shown in Figure 11f .
In conclusion, the newly introduced satellite algorithm in DIA efficiently reduces over-forecasting relative to PIA. Because of the low number of PIREPS over Europe, an additional validation campaign was performed over the United States, where a reliable number of diverse pilot reports exist. Results for POD yes with a value of nearly 90 % are almost similar to those over Europe, whereas POD no (21.5 %) and AUC (0.556) are somewhat lower than over Europe (Tendel 2013) . But again, the satellite-based icing product of ADWICE was able to reduce the overall icing volume percentage by between 10 % and 30 %. Furthermore, ADWICE was compared with FIP in Tendel and Wolff (2011) . The study found good agreement in fundamental model skill indicated by stable and very similar AUC scores.
Conclusions and future work
ADWICE consists of a diagnostic part DIA, which may be seen as a nowcasting system, and a very similar prognostic part PIA where the required observational input data are replaced by or estimated from model output data. The icing diagnosis quality depends on the amount, quality and type of input data. Standard input data includes temperature and specific humidity from a NWP model, as well as SYNOP and METAR information, radar, and satellite data.
In this paper, it was shown how the newly introduced satellite data are implemented in ADWICE and how the overall quality of ADWICE was improved. The main improvement in the use of satellite data brought to ADWICE lies in the reduction of over-diagnosis by allowing the identification of additional icing-free areas in the model domain that were conservatively labelled as potential icing by the baseline algorithm. This reduction in icing volume while maintaining a high rate of correctly capturing reported icing encounters implies a more accurate placement of icing areas. This also increases trust in the diagnosis of no-icing conditions, an important factor for visual flight rules (VFR) flight safety.
The various icing expert systems such as ADWICE, SIGMA (Meteo France) and CIP/FIP (NCAR) are adjusted to the region to which they are applied. Opportunities for optimisation lie in the differences in spatial availability, e.g., for SYNOP data in Europe and in the US and in the weighting with which those data enter the algorithms.
Validation of ADWICE and other icing expert systems is conventionally performed against PIREPs. These have some significant deficiencies as validation data, but are, so far, the only readily available independent icing information source. Any warning scheme suffers from significant over-forecasting, and correspondingly high false-alarm-rates. To quantify this, negative (no) icing information is needed, which unfortunately is not provided in sufficient quality by PIREPs. This will hopefully change in the future when aircraft data from icing detectors will be included in the AMDAR datalink scheme and will be reported to the ground. PIREPs mostly report positive ("yes") icing information. Icing detector signals will consistently report "no icing" as well. Experience shows that in more than 90 % of all cases, icing conditions are not present in a particular cloud. Systematic icing detector readings will alleviate the category bias and the icing-related location bias of PIREPs and report realistic fractions of icing vs. noicing conditions along the flight path. The location bias toward areas with a high air-traffic density will remain, however. In the future, PIREPs may continue to be used for validation, as presented in this paper. However, they may also be used as an additional information source in nowcasting systems.
The AMDAR programme will also introduce airborne humidity measurements in the near future. From that data, one may infer the existence of clouds and ice supersaturation. Both measurement quantities would be hugely beneficial in ADWICE and of course in all NWP models.
Besides the AMDAR measurements, other valuable data sources will become operationally available in the future. One of them will be Doppler polarisation radar information and the coupled particle identification algorithm. This will allow, for instance, the direct detection of liquid water vs. ice crystals in precipitation, enabling the remote identification of supercooled freezing rain or inversely, the SLWC depletion potential of ice crystals.
In conclusion, the current ADWICE version has proven to be a successful update to the system for diagnosing supercooled liquid water content. There is, however, still significant room for improvement concerning the detection of SLWC and also of the icing severity. Future data sources, including the improved use of nextgeneration NWP output will serve to also improve the forecast products.
